The geochemical characterization of thirteen Serra Geral Group flows in the Vista Alegre region (RS-SC), southern Brazil, displays the homogeneous basaltic composition near 50 wt. 
INTRODUCTION
The Paraná volcanic province is one of the largest continental flood basalt associations in the world. The province is of major significance for the understanding of many aspects of mantle evolution, and its large extent requires careful examination of the lava flow stratigraphy to evaluate the metallogenic potential for amethyst geodes and copper. The Vista Alegre copper district is at the center of this investigation and has many occurrences of this metal, and the Ametista do Sul mining district nearby is the largest world producer of amethyst geodes (400 tons/month). The two districts straddle the border of the southernmost states of Santa Catarina and Rio Grande do Sul in Brazil. In order to clarify the geological relationships in the Serra Geral Group (Wildner et al. in press) of this region, and particularly the flowby-flow stratigraphy, we conducted an integrated field and geochemical investigation of the basalts in four different sections. We also tested the presence of the often purported Rio Uruguay fault and its impact on flow stratigraphy.
GEOLOGICAL BACKGROUND
The Serra Geral Group includes all Paraná volcanic province lava flows (Wildner et al. in press) . This large igneous province covers an extensive area in southeastern South America, with minor Etendeka remnants in Namibia on the African plate, originally a single magmatic province (Bellieni et al. 1984) . This mantle-derived magmatism was closely associated with the opening of the South Atlantic Ocean under the thermal influence of the Tristan plume in the Lower Cretaceous (Peate et al. 1992 .
The lava pile of Paraná-Etendeka magmatism is strongly bimodal, dominated by tholeiitic basalts (> 90%), but significant quantities of rhyodacites are 426 VITER M. PINTO and LÉO A. HARTMANN found along the Brazilian continental margin and in the Etendeka (Peate 1997). Our usage of rhyodacite includes several other siliceous volcanic rocks, such as quartz-latites and dacites.
Six magma types were identified by Peate et al. (1992) from geochemistry of surface and borehole samples, distributed between low-Ti (Gramado, Esmeralda, Ribeira) and high-Ti (Urubici, Pitanga, Paranapanema) types. They proposed that both low-Ti and high-Ti varieties have a plume-related origin, with an extensive crustal contamination in the low-Ti basalts.
Chemical stratigraphy has an important role in the understanding of large igneous provinces, e.g. Columbia River (Swanson et al. 1979) , Deccan (Cox and Hawkesworth 1985, Beane et al. 1986 ) and Emeishan (Xu et al. 2001) , particularly of magmatic sources and evolutionary processes (Peate et al. 1992 ). In the Paraná volcanic province (usage as in Hartmann et al. 2010) , Turner et al. (1999) studied basaltic and rhyolitic lavas in drill holes from western Uruguay showing a reverse magma-type stratigraphy in which magma types are not chronostratigraphic. On the other hand, Peate et al. (1999) recognized 19 flows (Urubici type) in the São Joaquim area and suggested that lavas near the coast underwent 1 km post-magmatic uplift relative to inland areas. Each of these 19 flows has a characteristic chemical composition.
The Vista Alegre region has high-Ti magma types: Pitanga at the base and Paranapanema at the top, in the general sequence recognized by Mantovani et al. (1988) in outcrops and boreholes. These two magma types have a close spatial association, comprising approximately ∼50% of the total preserved lava field in the Paraná province. The two types are distinguished (Peate et al. 1992) only from the content of incompatible elements (e.g. Ti/Y ∼410 and TiO 2 ∼2.5 wt.% in Paranapanema type, ∼530 and 3.5 wt.% in Pitanga type). They have a restricted range in Sr, Nd and Pb isotopic composition ( 87 Sr/ 86 Sr i = 0.7055-0.7063; εNd i = -1.6 to -3.6; 206 Pb/ 204 Pb = 17.81-18.12) and were grouped together with Ribeira magma type as the "Northern" basalts by Peate (1997) .
METHODOLOGY AND SAMPLING
The massive central portion of basalt flows is chemically homogeneous both in horizontal and vertical sections, so we collected one rock sample from the core of every flow present in four sections of the Vista Alegre region to establish the flow-by-flow stratigraphy. An additional flow (possibly two, not investigated) may be present in the Rio Uruguay bed.
The studied region ( Fig. 1) covers ∼2,000 km 2 and has a total lava section of ∼1,200 m in Vista Alegre, as observed in a drill hole by the Geological Survey of Brazil for water in the nearby Iraí. Thus, the Botucatu Formation sandstones are buried by 800-1100 m of basalts and rhyodacites in the region. The top of the hills are near 600 m high and the Rio Uruguay valley is at 250 m; the entire region was covered by the Atlantic forest, but now has mostly crops. The Vista Alegre region basalts (Fig. 2) were studied by Szubert et al. (1979) , who recognized the presence of thirteen basalt flows in the region, later studied by Gomes (1996) . Our field work in 2006-2007 led to the understanding of geological relationships and the collection of samples for petrography and chemical analyses. Backscattered electron (BSE) images were obtained with an electron microprobe (EPMA) using a JEOL JSM-6400 (WDS/EDS) at the University of Western Australia, operated at 15 kV accelerating potential and 15 nA beam current. Chemical analyses (Table I) of bulk rocks were performed by ACME Analytical Laboratories, Vancouver, Canada. Major elements were determined by X-ray fluorescence spectrometry and trace elements, metals and REE by inductively coupled plasma mass spectrometry (ICP-MS). Total Fe is indicated as Fe 2 O 3 .
The four selected sections (Fig. 3) are Iraí-Frederico Westphalen (IF), Itapiranga (It), Vista Alegre (VA) and São Paulo (SP). The thirteen flows identified are nearly horizontal, as seen on aerial photos and in the field.
FLOW CHARACTERISTICS
The morphological and structural characteristics, in the Vista Alegre region typically comprise inflated pahoehoe sheets associated with massive flows 10-70 m thick. A single flow can display variable internal structure, thickness, morphology and petrographic textures over a few kilometers because of lateral variations in the local cooling conditions, paleotopography, and distance from the vent source . Lava flows in the Vista Alegre region have two main structural types (Gomes 1996): a) type I, with thickness between 15-30 m, thin amygdaloidal upper and lower crusts and a massive internal portion that may contain giant amethyst-bearing geodes; b) type II, thickness 30-70 m, thick upper and thin lower amygdaloidal crusts and an internal portion characterized by collonnade and entablature vertical joints. Each flow is often separated from another by a thin layer (< 50 cm) of silicified sandstone that indicates the persistence of the arid desert climate that typifies the sedimentary rocks of the underlying Botucatu Formation . Flow contacts are also marked by the presence of hydrothermal breccias at the top of the underlying flow.
Most basalts are subaphyric, but a few have porphyritic or glomeroporphyritic portions with plagioclase and minor clinopyroxene phenocrysts (flows 1, 4, 5 and 11). Samples of the flows have similar mineralogy, with labradorite (55-70 vol.%), augite-pigeonite (25-35%) and Ti-magnetite + ilmenite (5-10%), plus rare, highly altered olivine; apatite is the principal accessory mineral. Interstitial material in the groundmass consists of variable proportions of plagioclase, clinopyroxene, quartz, K-feldspar and Ti-Fe oxides. It is significant that the Pitanga basalts have higher modal contents of altered olivine and needle-like grains of ilmenite coexisting with Ti-magnetite (Fig. 4a) . In the Paranapanema-type flows 6 to 13, ilmenite occurs preferentially as oriented exsolution lamellae in magnetite grains (Fig. 4b ). Ilmenite shows trellis or sandwich texture in both Pitanga and Paranapanema magma types. This is a consequence of the higher TiO 2 content (∼3.5%) and possibly lower oxygen fugacity of the bottom five Pitanga flows compared to the upper Paranapanema flows (∼2.5 % TiO 2 ).
GEOCHEMICAL RESULTS
All thirteen flows plot in the tholeiitic basalt field on the total alkalis-silica (TAS) diagram with approximately 50 wt.% SiO 2 (Fig. 5) . Flows 1 to 5 have Ti/Y ratios ∼600, while the upper 6-13 flows have Ti/Y ∼400. Ti/Zr ratios are similar in all flows, but slightly higher in flows 1-5 (∼85) than in flows 6-13 (∼80). Based on these ratios and the TiO 2 contents (Fig. 6) , the flows are Pitanga-type at the base of the stratigraphic section (flows 1-5) and Paranapanema type in the upper portion (flows 6-13), based on criteria from Peate et al. (1992) . This stratigraphy of magma types is reflected in variations in flow composition, including minor oxides (TiO 2 and P 2 O 5 ), HFSE (e.g. Hf and Zr) and LREE (e.g. La and Ce), as seen on diagrams against MgO (Fig. 7) . Flows are identified and correlated from small variations in TiO 2 and Zr and from their relative stratigraphic position in each section. A significant observation (Fig. 8) is the parallel variation in chemistry (MgO × TiO 2 and MgO × Zr) for all four stratigraphic sections analyzed. Flow 1 has 4.34 wt. % MgO, flow 2 has ∼4 wt.%, the two subsequent flows have higher MgO ∼4.5 wt.% and then lower MgO ∼4.3 wt. % in flow 5. present in all four stratigraphic sections; MgO content increases from ∼4.5 wt.% in flow 10 to ∼5.0 wt.% in flow 11, and then decreases to ∼4.7 wt.% in flow 12. TiO 2 and Zr also vary consistently in the three flows. The uppermost flow 13 is uniquely present at the top of the Itapiranga section because it was presumably removed from the other sections by erosion.
VITER M. PINTO and LÉO A. HARTMANN
The primitive mantle-normalized trace element content of the basalts shows similar patterns for both high-Ti and low-Ti magma types, with notable negative Sr anomalies (Fig. 9a) . All thirteen basalt flows are strongly enriched in light REE (LREE) relative to heavy REE (HREE), and display moderately sloping HREE on chondrite-normalized patterns (Fig. 9b) . The two magma types share many characteristics in HFSE and REE pattern, but in detail the Pitanga and Paranapanema magmas show important differences in trace element abundance as exemplified in Figures 7g-7h and REE ratios as (Sm/Yb) N ratios of ∼3.0 for Pitanga and ∼2.0 for Paranapanema magma types. Sun and McDonough (1989) .

DISCUSSION
EFFECTS OF ALTERATION
The Paraná basalts were affected by hydrothermal alteration of variable intensity following their eruption and burial. In the Vista Alegre region, the most intense alteration is related to amethyst or copper mineralization (Duarte et al. 2009 , Hartmann 2008 , Pinto et al. 2011 . Hydrothermal alteration in basaltic rocks may have significantly modified the concentrations of oxides such as Al 2 O 3 , Fe 2 O 3 (t) and K 2 O, and some mobile trace elements such as Rb, Ba, Sr and Cu (Frantzon et al. 2008 ). On the other hand, TiO 2 , REE and HFSE have high valencies and electronegativities, small radii and strong chemical bonds, so they are nearly immobile during hydrothermal alteration (e.g. Wang et al. 2007 ). In Vista Alegre basalts, good linear correlations among TiO 2 , P 2 O 5 , LREE (e.g. La and Ce), HFSE (e.g. Hf and Zr) and MgO contents indicate that these elements remain immobile during the hydrothermal alteration that affected the rocks (e.g. Figs. 7c-7h ). From these observations, we selected TiO 2 and Zr to examine the flow-byflow stratigraphy of the Vista Alegre basalts. The Itapiranga section has a similar elevation at the base compared to the IF section (220-320 m a.s.l.). The town of Itapiranga is on the right bank of Rio Uruguay and 40 km away from Iraí. It is remarkable that the lower three flows from Itapiranga (It section) correlate with the three uppermost flows from the IF, VA and SP sections (elevation 500-600 m a.s.l.). The correlation of flows 10, 11 and 12 indicates that the Itapiranga block was by down-faulted along the Rio Uruguai fault, so the right bank dropped approximately 200 m relative to the left bank (Fig. 3) . The presence of the Rio Uruguay fault system affected the establishment of drainages patterns in the Vista Alegre region, because the rivers drain to NW along the left bank of Rio Uruguay and to SW along the right bank (Fig. 2) . The uppermost flow 13 is only present in the Itapiranga section; this flow was probably removed in the other sections by erosion.
In the nearby Ametista do Sul mining district, the world-class amethyst deposits are in flows 6 and 8. Although additional deposits may be present in other flows, this identification of flows 6 and 8 in the region can lead to an expansion of the mining activity.
GEOCHEMISTRY
The stratigraphic distribution of magma types in the Vista Alegre region is the southern extension of the observations made on deep drill holes and outcrops by Mantovani et al. (1988) because Pitanga flows occur below Paranapanema flows. This overall sequence of magma eruption is present in most of the Paraná volcanic province. A supposed inversion of the stratigraphy in Artigas (Uruguay) is a result of the presence of Paranapanema-type sills at depth in a borehole, as described by Hartmann et al. (2010) .
This relation is confirmed and better understood from the observation of geochemical data of Pitanga and Paranapanema magma types. The differences in composition are influenced by melting and lead to considerations about the mantle-origin of the magma types. Pitanga magma type is considered derivative from an enriched mantle source (e.g. Peate 1997), but the origin of Paranapanema type may be from a more depleted mantle (e.g. Garland et al. 1996 , Clark et al. 2007 ). The intermediate-Ti composition of Paranapanema magmas may reflect the transition between the high-Ti and low-Ti flows (Piccirillo et al. 1988) .
The chemical data show that the negative Sr anomalies of both magma types may be related to extensive fractionation of plagioclase from high-Ti magmas, which is compatible with the presence of plagioclase phenocrysts in porphyritic or glomeroporphyritic flows. The lack of significant negative Eu anomaly in these lavas probably reflects either a high Eu +3 /Eu +2 ratio in the magmas (Frey et al. 1991) or a lower distribution coefficient of Eu for An-rich plagioclase. Primitive mantle (PM) and N-MORB compositions are from Sun and McDonough (1989) . Sp = Spinel; gar = garnet.
The rocks have chondrite-normalized REE patterns enriched in LREE and moderately sloping in HREE patterns, with relatively high (Gd/Yb) PM ratios (1.8 to 3.0) (Fig. 10a) and Tb/Yb (∼1.5 to ∼2.4). This indicates the presence of residual garnet during partial melting (e.g. Green 1994), which is a feature of melting at greater depths.
Based in Aldanmaz et al. (2000), we plotted Sm versus Sm/Yb to model the source characteristics in terms of mineralogy, because Yb is compatible with garnet, but not with clinopyroxene (Wang et al. 2007 ). The basalts of Pitanga magma type (flows 1-5) with higher Sm/Yb plot between the melting trajectories for garnet and garnet + spinel-lherzolite, indicating that the magma was derived from a garnet + spinel-bearing mantle with more garnet (80-400 km depth) than spinel (50-80 km depth), suggest the formation of the Pitanga magma type at a depth higher than 100 km (after Wyllie 1981) and in agreement with the estimate of Garland et al. (1996) . The Paranapanema basalts (flows 6-13) plot between garnet + spinel-lherzolite and spinel lherzolite, indicating that this magma was derived from a source similar to the Pitanga basalts, but with higher spinel content and at a shallower depth.
The relatively low Al 2 O 3 /TiO 2 ratios (Pitanga 3.2-3.7 and Paranapanema 4.9-5.4) and high (Sm/Yb) PM ratios (Pitanga ∼3 and Paranapanema ∼2) indicate lower degrees of partial melting of a relatively deeper mantle source for Pitanga basalts (Fig. 10b) . The degree of partial melting, following the parameters of Aldanmaz (2000) and Wang et al. (2007) , was probably less than 6% for the Pitanga and ∼10% for the Paranapanema parental magmas on the basis of Sm versus Sm/Yb ratios (Fig. 10c) .
The ratios of (Th/Nb) PM and (Sm/Yb) PM (Fig. 10d ) indicate that the Paranapanema basalts originated from magma with less garnet in the residue than the Pitanga ones. Integrated with (Nb/La) PM ratios (∼0.75 for flows 1-5 and 0.70 for upper flows), this suggests that crustal contamination was not significant.
The values of (Nb/La) PM ratios are lower than in South Atlantic MORB, asthenospheric and Tristan da Cunha plume magmas (respectively 0.96 and 1.34; cf. Garland et al. 1996) , which suggests the melting of an enriched lithospheric mantle source (e.g. ).
CONCLUSIONS
The careful field control of the analyzed samples, reinforced by the high quality of the analyses, leads to some significant conclusions.
• Flow-by-flow stratigraphy is established for thirteen basalt flows in the Vista Alegre region.
• The five basal flows are Pitanga type and the eight upper flows are Paranapanema type, all high-Ti type.
• The stratigraphy of flows indicates that the Itapiranga block on the right bank of Rio Uruguay was down-faulted approximately 200 m with respect to the Frederico Westphalen block.
• The stratigraphy of the region accompanies the results from boreholes because Pitanga magma type was erupted prior to the Paranapanema magma type.
• Geochemistry indicates that the Pitanga basalts formed at >100 km depth during the initial mantle upwelling by low degree (∼6%) partial melting of enriched lithospheric mantle, while the Paranapanema basalts were formed in shallower depth with increased degree of partial melting, without evidence of crustal contamination.
• The stratigraphic correlation here established is useful for the identification of flows with amethyst or copper mineralization, because the Vista Alegre region constitutes a potential mining district. Palavras-chave: Correlação geoquímica, basalto, estratigrafia, Grupo Serra Geral, Vista Alegre.
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